Autonomous control of the transport of solutions in microfabricated flow channels using electrowetting-based valves and integrated electrochemical cells is proposed. An electrowetting-based valve formed with a gold electrode was opened when an electrolyte solution reached a zinc electrode in a controlling flow channel and a potential was applied to the gold electrode, causing the transport of the solution in the flow channel. Independent composite electrodes consisting of gold and zinc could function in the same manner without requiring additional electrodes. Controlled autonomous transport of solutions in a network of flow channels could also be carried out using the integrated valves. © 2009 American Institute of Physics. ͓doi:10.1063/1.3263956͔
Next-generation microfluidic devices are expected to find applications in the autonomous operation of integrated components. This type of operation has conventionally been realized by driving the components using electrical signals provided by an external instrument. Ideally, however, these components should operate according to the instructions programmed in the chip, as in the case of electronic devices. To realize the same for microfluidic transport, electrowetting provides a realistic solution. Electrowetting is a phenomenon in which the wettability of a metal surface or dielectric on an electrode changes in response to a change in the applied potential.
1,2 This phenomenon has mostly been used to construct so-called digital microfluidic devices that can handle droplets on electrodes covered with a hydrophobic insulating layer. [3] [4] [5] [6] Although this phenomenon has been successfully employed in some devices, a voltage of some tens of volts or higher was applied in previous cases, and this restricted further applications. On the other hand, when the solution is in direct contact with the electrode, a change can be induced by a small voltage ͑ϳ1 V͒. The ability to couple the electrode with other electrochemical components has already led to the development of promising devices. [7] [8] [9] In the latter approach, it may be possible to integrate electrochemical cells in a flow channel to drive the components and also activate the cells directly when an electrolyte solution reaches the electrodes of the cell. In other words, the instructions for switching the components may potentially be programmed in the shapes and dimensions of the flow channel network.
To demonstrate this concept, we initially used the test device shown in Fig. 1͑a͒ ͑type I͒. This device is made of glass ͑Corning, #7740͒ and poly͑dimethylsiloxane͒ ͑PDMS͒ ͑Shin-Etsu Chemical, KE-1300T͒. Two parallel flow channels with injection ports and open ends were formed with PDMS by replica molding using patterns of a thick-film photoresist ͑MicroChem, SU-8͒ as a template. The width and depth of each flow channel were 500 and 40 m, respectively. In each flow channel, gold electrodes ͑500 ϫ 500 m 2 ͒ were formed as valves, and zinc electrodes ͑500ϫ 500 m 2 ͒ were formed as the cells. The leads extending to the bottom are for the measurement of the generated voltage. ͑b͒ Type II and III devices with gold and zinc electrodes. In the type II device, the flow channels are connected with a liquid junction ͑dashed line͒ at the injection ports, whereas they are separated in the type III device.
gions including the gold electrodes were constricted to a width of 200 m to block the solution more effectively before the cell was activated. 10 The electrodes were located alternately within and between the flow channels and they were connected to form six pairs. One of the zinc electrodes and the Ag/AgCl electrodes formed cells. To explore the possibility of constructing more advanced systems, we also used devices without the Ag/AgCl electrodes ͓Fig. 1͑b͔͒. In one of these devices, the flow channels were connected at the injection ports with a liquid junction ͑type II͒. In the other, the flow channels were separated ͑type III͒. The valve electrodes and the base layer for the zinc and Ag/AgCl electrodes were formed using a thin-film gold/chromium layer. Zinc was electroplated onto the base layer by applying a current of 50 A for 20 min in a stirred solution containing 1.8 M ZnCl 2 and 4.9 M NH 4 Cl at 35°C. A fluorescein solution containing 0.1 M KCl was used to visualize the movement of liquid columns.
In our previous studies, we had used a valve structure surrounded by a gold electrode and three walls made of PDMS. 10 In this structure, a solution stopped initially and started to move upon the application of a voltage of approximately Ϫ0.6 to Ϫ0.7 V ͑versus Ag/AgCl͒. Considering this, we first used a combination of zinc and Ag/AgCl for each cell in the type I device. The electrodes exhibit characteristic potentials based on the following reactions: Zn Figure 2 shows the movement of the solutions. When the first solution was injected into flow channel A, it stopped at the first valve ͓Fig. 2͑a͔͒. When another solution was then injected into flow channel B, it passed the first zinc electrode and stopped at the first valve. While the solution passed the zinc electrode, the voltage generated between the zinc and Ag/AgCl electrodes was applied between the valve electrode and the Ag/AgCl electrode in flow channel A. Following this, the solution passed the valve area and moved to the second valve in flow channel A ͓Fig. 2͑b͔͒. Thereafter, the steps were repeated and columns in the two flow channels stopped and moved forward alternatively ͓Figs. 2͑c͒ and 2͑d͔͒.
The change that occurs at the zinc electrode/solution interface should have an influence on the polarizable gold electrode connected to the zinc electrode. Therefore, the gold electrode may be charged up and polarized without the Ag/ AgCl electrodes. 11, 12 To verify this, we used the type II and III devices. First, we filled the flow channels with a 0.1 M KCl solution. Then, the potential of one of the gold electrodes was measured with respect to a Ag/AgCl wire electrode inserted in the corresponding injection port. The potential was stable and was Ϫ0.75 V ͑n =5͒ and Ϫ0.64 V ͑n =5͒ for the type II and type III devices, respectively. In the type II device, solutions moved as in the case of the type I device. In the type III device, however, solutions occasionally stopped at some valves, which may be due to the more positive potential near the threshold. Even with this device, the potential of the gold electrode shifted to the negative direction by approximately 60 mV when the size of the zinc electrode was tripled, and the solutions moved more smoothly than expected. Alternatively, the application of a microscopically rough gold surface shifts the threshold to the positive direction and will have a similar effect. 13 More complicated movement of solutions can be realized by forming more valves in the type II and III devices. Figure 3͑a͒ shows a device with a controlling flow channel and flow channels A-D with injection ports connected to each other. Valves were formed at the injection ports and they were connected to the zinc electrodes in the controlling flow channel. The injection ports were connected to the liquid junctions. When solutions were injected into flow channels A-D, they stopped at the valves. However, when another solution was injected into the controlling flow channel, the valves opened one-by-one beginning with the one in flow channel A when the solution in the controlling flow channel passed the zinc electrodes. Figure 3͑b͒ shows a device with flow channels A-C. Valves 1 and 3 were the same as those in the previous devices. On the other hand, valves 2 and 4 consisted of composite electrodes consisting of gold and zinc that existed in the same flow channel ͑see the inset͒. Valves 1 and 2 were connected with a gold lead. Valves 3 and 4 were also connected with a gold lead. When solutions were introduced into flow channels A and B, they stopped at valves 1, 2, and 3. Then, another solution was injected into flow channel C. When the solution wetted the zinc area of valve 4, the solution moved onto the gold electrode and the two solutions on both sides of the valve merged. At the same time, valve 3 connected with the zinc area of valve 4 opened. When the solution injected from valve 3 reached valve 2, it opened in a manner similar to valve 4, and at the same time, valve 1 connected with the zinc area of valve 2 opened. Note that the movement of the solutions through valves 2 and 4 is unidirectional.
To conclude, autonomous microfluidic transport can be realized using electrowetting-based valves and integrated cells. Independent composite electrodes consisting of gold and zinc could be used to control the transport of solutions without requiring additional electrodes. Controlled valve action can be achieved using a properly designed network of flow channels and electrodes. 
